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ABSTRACT: Non-neuronal optogenetic approaches empow-
er precise regulation of protein dynamics in live cells but often
require target-specific protein engineering. To address this
challenge, we developed a generalizable light-modulated
protein stabilization system (GLIMPSe) to control the intra-
cellular protein level independent of its functionality. We
applied GLIMPSe to control two distinct classes of proteins:
mitogen-activated protein kinase phosphatase 3 (MKP3), a
negative regulator of the extracellular signal-regulated kinase
(ERK) pathway, and a constitutively active form of MEK (CA
MEK), a positive regulator of the same pathway. Kinetics study
showed that light-induced protein stabilization could be
achieved within 30 min of blue light stimulation. GLIMPSe
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enables target-independent optogenetic control of protein activities and therefore minimizes the systematic variation embedded
within different photoactivatable proteins. Overall, GLIMPSe promises to achieve light-mediated post-translational stabilization

of a wide array of target proteins in live cells.
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key factor that drives the dynamic nature of signaling

pathways is spatial and temporal control of protein
activities. Conventional genetic and pharmacological ap-
proaches such as gene overexpression, gene knock out, and
RNA interference help delineate interaction maps of signaling
components. These approaches, unfortunately, lack the
flexibility to resolve signaling dynamics in live cells. Light
serves as an attractive tool for the regulation of signal
transduction as it can be rapidly controlled with high
spatiotemporal resolution.' ™ This strategy has been widely
used to control target protein activity by protein trans-
Iocation,4_7 protein cagin§,8_11 sequestration,lz’13 cluster-
ing,'*" induced avidity,"°™"® or allostery."”* Successful
application of non-neuronal optogenetics in multicellular
organisms has provided new insights into cell fate determi-
nation during embryonic development.”'>° Most of these
systems, however, require target-specific protein engineering
and often cannot be generalized to control a broader class of
proteins.

A generalizable strategy for post-translational reduction of
target protein level involved the fusion of a degradation
peptide sequence, or degron, to a protein of interest. Light-
mediated uncaging of the degron resulted in inducible protein
degradation in Saccharomyces cerevisiae’’ and mammalian
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cells.”® This strategy elicits a post-translational, optogenetic
“knock-down” effect of a protein of interest. A comprehensive
understanding of a signaling pathway would benefit from the
complementary post-translational, optogenetic “knock-in”
strategy, which has not been available to date.

To fill in this gap, here, we developed a generalizable light-
modulated protein stabilization system (GLIMPSe) that allows
for optical enhancement of protein stability. GLIMPSe uses a
degradation module to constitutively suppress the protein level
until a photosensitive rescue module triggers protein
stabilization. Compared with previous optogenetic strategies,
GLIMPSe allows for optical control of different classes of
proteins and stabilizes the protein level within 30 min of blue
light stimulation. To demonstrate the generalizability of
GLIMPSe, we achieved optical control of functionally distinct
classes of proteins, including the mitogen-activated protein
kinase phosphatase 3 (MKP3) and a constitutively active
kinase MEK (CA MEK). Thus, GLIMPSe enables bidirec-
tional control of the extracellular signal-regulated kinase
(ERK) signaling pathway, which regulates crucial cell functions
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Figure 1. Control intracellular protein level with degron. (a) Schematic for TEV protease-mediated rescue of firefly luciferase (FLuc) protein
degradation. (b) Degradation of FLuc-tevS-deg and TEV-mediated protein stabilization demonstrated by a dual-luciferase assay in HEK293T cells.
(c) Schematic for bidirectional regulation of the ERK pathway by CA MEK and MKP3, respectively. (d) Western blot analysis of pERK/pan-ERK
level in PC12 cells under different conditions. The pERK/pan-ERK intensity ratio was normalized to that of CA MEK overexpression (left-most
lane). (e) Schematic for regulating MKP3 stability with degron and TEV protease. (f) Quantification of PC12 cell differentiation ratio under
different conditions. Values represent mean + SD of three biological replicates (n = 3). More than 200 cells were counted per replicate. (g)
Representative images of PC12 cells under different conditions. The total amount of plasmids was kept the same between each condition by

including a plasmid encoding mRuby2 as a filler. Scale bar, 100 ym.

such as proliferation, differentiation, migration, and apoptosis.
We expect that GLIMPSe would add a powerful capacity to the
current optogenetics toolbox and promise to lower the
technical barrier for achieving optical control of protein
activities.

B RESULTS AND DISCUSSION

Degron-Directed Constitutive Degradation Lowers
Target Protein Levels. The Deadend (Dnd) protein
regulates germline development in vertebrates.”” >* We have
recently discovered a potent 21 amino-acid degradation
sequence within Xenopus laevis Dnd protein that promotes
rapid ubiquitin-independent proteasomal degradation of Dnd
in Xenopus oocytes and mammalian cell lines such as
HEK293T and GC-2spd.*> To determine whether this
degradation sequence (here referred to as degron or deg)
can be used as a general moiety to mediate degradation of
intracellular proteins, we fused tandem arrays of degrons to the
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C-terminus of firefly luciferase (FLuc) protein (FLuc-tevS-
Ndeg, N = 1, 2, and 3). A tobacco etch virus (TEV) protease
recognition site (tevS) was sandwiched between FLuc and
degron to render TEV-mediated rescue of protein degradation
(Figure la). HEK293T cells were cotransfected with FLuc-
tevS-Ndeg (N = 1, 2, 3) and a constitutively expressed Renilla
luciferase (RLuc, loading control), recovered overnight, and
harvested for a dual-luciferase analysis. The degrons signifi-
cantly reduced the relative luminescence (FLuc/RLuc) signals
in a dose-dependent way, with N = 3 showing the optimal
contrast compared to the no-degron control (Figure 1b). Thus,
we used three tandem degrons (denoted as deg) in all other
constructs. When HEK293T cells were cotransfected with
plasmids encoding TEV protease, a 4-fold increase of FLuc
signal was observed compared with the no-TEV control
(Figure 1b).

Stabilization of MKP3 via GLIMPSe Enables Opto-
genetic Downregulation of the ERK Signaling Pathway.
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This degron system inspired us to develop a post-translational,
“knock-in” strategy that would allow for light-induced
enhancement of the intracellular protein level. A protein of
interest can be constantly degraded until light triggers a signal
that removes the degron and rescues the protein. We reason
that this strategy will complement current optogenetic
methods and is particularly useful in controlling proteins
whose activity does not depend on intracellular translocation
or whose active site is difficult to cage and photouncage. One
such protein is the mitogen-activated protein kinase
phosphatase 3 (MKP3), a cytoplasmic phosphatase that
spezcéiﬁcally dephosphorylates the phospho-ERK1/2 (pERK1/
2).

To assess if the degron could modulate MKP3 activity, we
used a neurite outgrowth assay in the rat PC12 pheochromo-
cytoma cell line. To visualize degron-fused MKP3 in
transfected PC12 cells, we inserted a gene encoding mRuby2
into the same vector with a p2A sequence (mRuby2-p2A-
MKP3-tevS-deg). The p2A peptide is a consensus motif that
allows for efficient, stoichiometric production of discrete
proteins through a ribosomal skipping event.”” Insertion of
the p2A peptide allows only MKP3 to undergo a constitutive
degradation, leaving mRuby2 intact for cell visualization.
Western blot analysis confirmed that degron functions
normally with the fused HA-MKP3 protein, as revealed by
the 15.7-fold reduction of protein level compared with the no-
degron control in PC12 cells (Figure S1).

To stimulate PC12 cell differentiation, we transfected a
constitutively active dual specificity mitogen-activated protein
kinase (CA MEK)*® (Figure 1c) in PCI12 cells. Western bot
analysis showed that expression of CA MEK enhanced the
pERK/pan-ERK level (Figure 1d, left-most band). CA MEK-
induced ERK phosphorylation was significantly reduced by
coexpressed MKP3, but not by MKP3-deg (Figure 1d, bars 2
and 3), which was poorly expressed as a result of fusing with
degron. Single-cell analysis of PC12 cell differentiation showed
a consistent result, where MKP3-deg did not reduce CA MEK-
mediated neurite outgrowth (Figure le, 1f bars 1 and 2) in
contrast with MKP3 (Figure 1f, bar 3). When TEV was
cotransfected with MKP3-tevS-deg and CA MEK, the
expression of MKP3 was successfully rescued, which in turn
reduced the PCI12 cell differentiation ratio to a level
comparable to that of MKP3 (Figure 1f, bar 4). Representative
multichannel fluorescence images under various transfection
conditions were shown in Figure 1g. In these experiments,
identical amounts of CA MEK- and MKP3-containing
plasmids were used in each condition. A filler plasmid
(mRuby2 or empty vector) was used to ensure an equal
total amount of DNA in each condition.

To develop an optogenetic system for light-induced
stabilization of MKP3, we first tried to cage the tevS with a
recently developed evolved LOV (eLOV) protein from Avena
sativa®® (MKP3-eLOVtevS-deg) and coexpressed a cytosolic
TEV. We hypothesized that blue light stimulation would
uncage and expose tevS, which could then be cleaved by TEV
and restore the MKP3 protein level in cells. Thus, we expected
to observe a reduction of PC12 cell differentiation upon blue
light stimulation. Indeed, blue light reduced the PC12 cell
differentiation ratio (Figure S2, bar 1) in cotransfected cells.
However, a significant decrease in differentiation ratio was also
observed in the dark (Figure S2, bar 2).

The low differentiation ratio in the dark indicates a high
basal level of TEV cleavage. To address this issue, we modified
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the recently developed light-inducible nuclear export system
(LEXY).” LEXY consists of a C-terminal caged nuclear export
signal (NES) and an N-terminal nuclear localization signal
(NLS) to accumulate the fusion protein into the nucleus in the
dark. Blue light uncages NES and mediates active nuclear
export of the fusion protein through the nuclear pores. We
fused TEV into the LEXY system (TEV-LEXY) so that the
TEV protease would be sequestered into the nucleus in the
dark and exported into the cytoplasm in response to blue light
(Figure 2a). We hypothesized that LEXY-mediated TEV
compartmentalization could sequester the majority of TEV in
the nucleus (in the dark) and reduce its basal activity. As
expected, the addition of the TEV-LEXY successfully reduced
the basal TEV cleavage activity and fully recovered the PC12
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Figure 2. Generation of GLIMPSe for light-induced MKP3
stabilization. (a) Schematic for optogenetic control of MKP3 stability
with GLIMPSe. (b) Quantification of differentiation ratio for PC12
cells expressing GLIMPSe-MKP3 optogenetic system. Differentiation
ratio = no. of differentiated cells/no. of transfected cells. The bar
graph is presented with mean + SD averaged over three independent
experiments (n = 3). (c) Western blot analysis of PC12 cells
expressing CA MEK, MKP3-eLOVtevS-degron, and TEV-LEXY.
Band intensities are normalized to the average intensity of lane 3 and
4. The bar graph is presented with mean + SD averaged over four
replicates (n = 4).
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cell differentiation ratio in the dark (Figure 2b, bar 2). Upon
blue light stimulation, PC12 cell differentiation was suppressed
to the baseline (Figure 2b, bar 1). Light inactivation of ERK
pathway in PC12 cells was also validated by the 1.9-fold
reduction of the pERK level (Figure 2c) assayed by Western
blot. Note that both eLOV and TEV-LEXY are required to
achieve the optimal light—dark contrast because PC12 cells
cotransfected with MKP3-tevS-deg (uncaged form) and TEV-
LEXY show no significant difference in their differentiation
ratio (0.23 vs 0.24) (Figure S3, bars 1 and 2).

GLIMPSe Functions within 30 min of Blue Light
Stimulation. To determine the kinetics of optical control of
MKP3 stabilization, we varied the duration of blue light
stimulation. We first determined the response time of TEV-
LEXY with optical microscopy and found cytosolic export of
TEV-LEXY occurred within 5 min of blue light exposure
(Figure 3a). We then performed a kinetic analysis by
controlling the light exposure time from 0.5 to 24 h (Figure
3b). Because the cleaved protein loses three degrons in
response to light, its molecular weight reduces approximately
10 kDa compared with the uncleaved form (e.g., the size of
HA-MKP3-eLOVtevS-deg is 72 kDa, whereas the size of HA-
MKP3-eLOV is 62 kDa). Compared with the dark control
(Figure 3b, left-most lane), blue light stimulation significantly
increased the band intensity at 62 kDa across all illumination
conditions, indicating light-mediated degron removal and
protein stabilization.

We noted that the band intensity for 62 kDa at 0.5 h is
denser than that of 72 kDa at 0 h. Given a translation rate of
5.6 amino acids/sec in mammalian cells,* the synthesis of a 72
kDa protein takes 117 s. Thus, the increase of 62 kDa band
intensity at 0.5 h should result from the stabilization of newly
synthesized proteins via light-mediated removal of degrons. To
demonstrate this point, we treated cells with 100 ng/uL
cycloheximide, a translational inhibitor, for 18 h to block new
protein synthesis during light treatment (Figure S4). As
expected, the amount of total protein remained consistent
between light-stimulated samples and dark control.

One way to define the protein stabilization efliciency is the
ratio of cleaved protein over the total amount of protein. Such
normalization avoids batch-to-batch variation of the absolute
protein level. The efficiency vs time curve was then fit in
MATLAB by the following eq (Figure 3c)

stabilization efficiency (t)

b+ a/(1+1,/t)
_ (I at 62 kDa)
(I at 72kDa + I at 62kDa)

where I is the band intensity at corresponding molecular
weight, b represents the basal activity, a represents the
maximum enhancement of cleavage activity from the basal
level, and 7, represents the time to reach half the maximum of
a. The fit result suggests that optical control of protein
stabilization occurs on the order of 2 min (7, = 1.79 min) of
blue light stimulation. At this time scale, the newly stabilized
protein should arise from the equilibrated pool of degron-
containing, undegraded MKP3. Thus, GLIMPSe functions
through a different mechanism from chemical-inducible
transcription approaches. Interestingly, there was a transient
increase of the uncleaved (72 kDa) protein 0.5 and 1 h after
blue light illumination, which could imply that a transient
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Figure 3. Kinetics of blue light-induced protein stabilization. (a)
Kinetics of TEV-LEXY nuclear-cytoplasmic shuttling upon 5 min of
blue light stimulation in HEK293T cells. Scale bar: 10 pm. (b)
Kinetics of light-induced protein stabilization in PC12 cells with 0.5
mW/cm” blue light stimulation probed by a gel-shift assay. Cells kept
in the dark showed minimum size shift from 72 kDa to 62 kDa,
indicating that most of the HA-MKP3-eLOVtevS fusion protein was
still fused to degron. (c) The efficiency of protein stabilization in
response to blue light stimulation. Protein stabilization efficiency in
each time point was calculated by dividing the band intensity at 62
kDa with the sum of 72-kDa and 62 kDa band intensity in the
corresponding lane. The efficiency vs time curve was then fit in
MATLAB. Data are presented with mean + SD averaged over two
replicates (n = 2).

decrease of protein concentration triggers either an increase of
protein synthesis, a reduction of degron-mediated protein
degradation, or both. The slight decrease of the 62 kDa protein
level after 1 h (Figure 3b, second and third lanes from the
right) could arise from spontaneous degradation of cleaved
MKP3.

Stabilization of CA MEK via GLIMPSe Enables
Optogenetic Upregulation of the ERK Signaling Path-
way. To demonstrate the generalizability of GLIMPSe, we set
out to use the same strategy to control kinases, a different class
of protein from MKP3. We chose the constitutively active dual
specificity mitogen-activated protein kinase (CA MEK) that
activates the ERK pathway. We first verified that CA MEK
could be degraded by degron, and its degradation could be
rescued by coexpression of TEV protease, which was assayed
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Figure 4. Control the intracellular level of CA MEK with degron and TEV. (a) Representative images of PC12 cells transfected with CA MEK-
mRuby2 (top) or mRuby2-p2A-CA MEK-tevS-degron (bottom). Scale bar: 100 ym. (b) Cells transfected with degron-fused CA MEK showed
significantly less neurite outgrowth than those transfected with CA MEK. (c) Western blot analysis of the pERK/pan-ERK level in PC12 cells
transfected with CA MEK or CA MEK-deg. Values at each condition were normalized to the intensity of CA MEK-degron. The bar graph is
presented with mean + SD averaged over three independent sets of experiments (n = 3). (d) Schematic for controlling CA MEK protein stability
with C-terminal fused degron and TEV protease. (e) Quantification of PC12 cell differentiation ratio under different conditions. PC12 cells
transfected with mRuby2-p2A-CA MEK-tevS-degron showed significantly less differentiation, which was rescued by cotransfection of TEV-EGFP.
(f) Western blot analysis for TEV-mediated rescue of CA MEK stability and elevation of pERK level in PC12 cells. pERK/pan-ERK intensity was
normalized to the intensity of CA MEK-tevS-degron in the absence of TEV protease. The bar graph is presented with mean + SD averaged over

three replicates (n = 3).

by PC12 cell differentiation and Western blot (Figure 4). As
expected, PC12 cells transfected with CA MEK-tevS-deg
showed a significant reduction of differentiation ratio
compared to cells transfected with CA MEK (Figure 4ab),
as well as a 2.2-fold reduction of the pERK activity (Figure 4c).
Coexpression of a TEV protease with CA MEK-tevS-deg
rescued CA MEK degradation and resulted in a 2.7-fold
increase of the PC12 differentiation ratio (Figure 4d,e) as well
as a 1.4-fold elevation of pERK level compared to cells without
TEV-EGFP (Figure 4f).

To construct GLIMPSe-CA MEK (Figure Sa), we replaced
MKP3 in GLIMPSe-MKP3 with CA MEK. PCI12 cells
transfected with GLIMPSe-CA MEK and exposed to 45 h of
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blue light stimulation showed a 2.5-fold increase in their
differentiation ratio (Figure Sb, bar 3) and 2-fold elevation of
PERK level compared to cells kept in the dark (Figure Sc).
Reducing the exposure time to 30 min was sufficient to induce
significant neurite outgrowth (Figure SS). Negative controls
without TEV-LEXY showed a base-level differentiation ratio
(Figure Sb, bars 1 and 2) and pERK level (Figure Sc, bars 1
and 2). Similar to the case of MKP3, both eLOV and TEV-
LEXY are required to achieve the optimal light-dark contrast
because PC12 cells cotransfected with CA MEK-tevS-deg
(uncaged form) and TEV-LEXY show no significant difference
in their differentiation ratio (0.4 vs 0.3) (Figure S6, bars 1 and
2).
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stabilization. (a) Schematic for optogenetic control of CA MEK
stability with GLIMPSe. (b) Quantification of differentiation ratio for
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were illuminated with 0.5 mW/cm? blue light or kept in the dark for
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cells counted per replicate. (c) Western blot analysis of PC12 cells
expressing GLIMPSe-CA MEK under dark and light. Band intensities
are normalized to the average intensity of lanes 7 and 8. The bar graph
is presented with mean = SD averaged over four biological replicates

(n = 4).

Development of a generalizable optogenetic platform would
significantly lower the technical barrier for the utilization of
non-neuronal optogenetics. For example, a recent computa-
tional framework has been developed to facilitate the design of
split proteins for optogenetic control of protein activities."
Here, we developed GLIMPSe optogenetic system by
integrating a degron derived from the Xenopus laevis Dnd
protein into two optogenetic modules (LEXY and eLOV).

Several features make GLIMPSe an attractive optogenetic
system. First, the GLIMPSe system takes advantage of the Dnd
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degron, a very potent degron with only 21 amino acid residues,
which functions by promoting ubiquitin-independent protea-
somal turnover. Inside the cell, nonubiquitinated proteins are
destructed by proteasomes containing three proteasome
activators, including the PSME1/2 heteroheptamer, PSME3
homoheptamer, or PSME4 monomer.””~* We previously
reported that degradation mediated by the Dnd degron was
blocked only when all three types of the ubiquitin-independent
proteasome were inhibited simultaneously.”> Ubiquitin-inde-
pendent proteasomes are widely present in the majority of cell
types. Thus, different from the majority of degrons, which are
often recognized by tissue-specific E3 ubiquitin ligases, the
Dnd degron can keep the protein of interest at a very low
expression level in a wide variety of cells. Upon TEV-
dependent removal of the degron, the protein of interest can
accumulate rapidly within minutes.

In addition to the degron, the GLIMPSe system relies on the
TEV-LEXY, which exhibits a low background activity, and is
highly sensitive to blue light. In our experiments, degron-
mediated protein degradation can be prevented by a short
exposure to blue light (30 min) at an amenable power dosage
(0.5 mW/cm?), which produces negligible phototoxicity with
45-h ex;)osure time (Flgure S7), consistent with our previous
studies.”

The above features make the GLIMPSe system well-suited
for optogenetic expression of a wide range of intracellular
proteins in the majority of cell types. To demonstrate a
prototypical system, we used GLIMPSe to achieve efficient
optogenetic control of two different classes of proteins: a
phosphatase (MKP3) that acts as a negative regulator of ERK
pathway and a kinase (CA MEK), an activator of the same
pathway. The full DNA and protein sequences of GLIMPSe
have been shown in Figure S8.

Empowered by the high spatiotemporal resolution as well as
its capacity to delineate signaling subcircuits, optogenetic
technology promises to offer new insights into signal
transduction in live cells. It has been increasingly realized,
however, that quantitative analysis of signaling outcomes
suffers from systematic variations embedded within different
photoactivatable proteins such as binding affinity, dynamic
range, as well as the expression level. GLIMPSe offers a
platform that allows for target-independent optogenetic
control of protein activities and therefore minimizes the
systematic variation. Note that the basal activity should always
be characterized if a different protein of interest were to be
used. Although GLIMPSe requires blue light that has a limited
penetration depth in biological tissues, we believe that the
recent development of wireless optogenetics based on
emerging nanomaterials such as upconversion nanoparticles
would address this challenge.**™**

B METHODS

Dual-Luciferase Assay. HEK293T cells were grown in 24-
well plates and transiently transfected at 60—80% confluency
using Turbofect (Thermo Fisher Scientific) transfection
reagent for 3 h. After 3 h, cells were replenished with the
growth medium (DMEM + 10% FBS) and recovered
overnight. Cells were harvested 20—24 h later by the addition
of 1X passive lysis buffer (Promega). Transfection for
luciferase assays included 25 ng of Firefly luciferase construct
and 425 ng of TEV protease or a mRuby2 filler plasmid. A 50
ng aliquot of Renilla luciferase (pRL-TK) plasmid was added
to each transfection reaction to normalize for cell number and
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transfection efficiency. Firefly and Renilla luciferase activities
were measured in lysates using the dual luciferase assay kit
(Promega). Firefly luciferase activity was normalized to the
Renilla luciferase activity and reported as relative luciferase
activity units.

Long-Term Light Stimulation for PC12 Cells Neurite
Outgrowth Assay. After 3 h of transfection, cells were
switched to growth medium (F12K + 15% horse serum + 2.5%
FBS) and exposed to 0.5 mW/cm? blue light stimulation. Both
the LED device and the cell culture plate were placed into a
CO, incubator. After overnight recovery in the complete
growth medium, cell culture was exchanged to low-serum
starvation medium (F12K + 0.15% horse serum + 0.025%
FBS), followed by another 24 h of continuous blue light
stimulation. Cells that were transfected but kept in the dark
were used as a negative control. Neurite outgrowth was
quantified by the end of light stimulation.

Kinetic Analysis of GLIMPSe-Mediated Protein Stabi-
lization. PC12 cells were plated and transfected in a 12-well
tissue culture plate with 100 ng EGFP-p2A-HA-MKP3-
eLOVtevS-deg and 50 ng of NLS-mCherry-TEV-LEXY
plasmid. After 3 h of transfection, cells were recovered
overnight in growth medium (F12K + 15% horse serum +
2.5% FBS). The next day, cells were exposed to 0.5 mW/cm?
blue light stimulation for different timespans ranging from 30
min to 24 h. After light exposure, cells were harvested for
Western blot analysis with HA tag and GAPDH primary
antibody.
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